Half-tipped primary and lateral roots of Ricinus communis cv Hale bend toward the side of the root on which the intact half-tip remains.
positively correlated with a (a) 2.99-fold increase in length, (b) 2.63-fold increase in width, and (c) 20.7-fold incrse in volume of their columella tissues. We propose that the minimal graviresponsiveness of lateral roots is due to the small size of their columella tissues, which results in their caps being unable to (a) establish a concentration gradient of the effector sufficient to induce gravicurvature and (b) produce as much of the effector as caps of graviresponsive roots.
Several investigators have demonstrated that gravitropism by primary roots is controlled by the root cap (7, 22, 28, 29) . The cells believed to be responsible for graviperception are columella cells, which are located in the center of the cap (9, 10, 26) . Columella cells contain numerous amyloplasts (9, 15, 16, 24, 26) , whose sedimentation in response to gravity serves as the gravity sensing mechanism (2, (5) (6) (7) . The sedimentation of amyloplasts in columella cells somehow results in the formation of a concentration gradient of growth effector(s) in the root cap, with the concentration of the effector(s) being greatest in the lower side of the cap (8, 19, 20, 25, 28) . Although the exact identity of the effector(s) is not known (3, 7, 13, 17, 18, 23) , many believe it to be an inhibitor (8, 20, 21, 23, 25, 29) . Basipetal transport of the inhibitor from the cap into the elongating zone of the root (i.e. at concentrations greater in the lower portion of the root than in the upper portion) results in a more rapid growth of the upper side ofthe root than of the lower side, thereby accounting for the gravicurvature exhibited by horizontally oriented primary roots (8, 29 (27) was used to evaluate the significance levels of differences between means. Differences with probability levels greater than 5% were considered to be insignificant. Quantitative Measurements of Columella Tissues. Root tips were fixed and prepared for microscopical observation according to methods described by Ransom and Moore (24) . A minimum of 20 median longitudinal sections of primary roots and each type ofsecondary root were measured. Measurements were made using an ocular micrometer attached to a compound microscope. Lengths of the columella tissues were measured through their centers, and widths were measured at the basal ends ofthe tissues. Since our observations indicated that the columella tissues had a conical structure, we used the formula for the volume ofa cone to determine their volumes. The total number of columella cells was determined by dividing the volume of the columella tissue by the average volume per columella cell, determined according to methods described by Aherne and Dunnill (1) . The relative volumes of columella tissues in roots caps were also determined according to methods described by Aherne and Dunnill (1) . Standard deviations for each measurement were calculated, and the significance of differences assese with the Student's t test (27) . Differences with probability levels greater than 5% were considered to be insignificant.
RESULTS
Microsurgical Treatments. The bending responses of microsurgically treated roots are presented in Table I . The direction of the bending response associated with each treatment is indicated by arrows in Figure 2 . Responses of secondary roots 10 (Table I) , an observation that has been reported numerous times for other plants (7, 8, 21, 29) . However, Table II) would result in the establishment of a gradient of the inhibitor sufficient to induce a marked increase in graviresponsiveness of the root (i.e. as also occurs for secondary roots ofR. communis- see Table I ). Finally, it is interesting to note that the similar graviresponses of primary roots and long (i.e. 60 mm) secondary roots (Table I) are positively correlated with their columellas having similar structures (Table II) . (22) has reported that primary roots of Zea mays with long root caps (and, presumably, more extensive columella tissues) are more graviresponsive than primary roots with shorter caps (and, presumably, less extensive columella tissues). Also, the graviresponsiveness of detipped primary roots is proportional to the amount of cap (i.e. and, presumably, the amount of columella tissue) remaining on the root (11, 22) . Furthermore, the columella tissues of lateral (i.e. nongraviresponsive) roots of P. vulgaris are not nearly as extensive as those of primnary (i.e. graviresponsive) roots (24) . Finally, our model to explain the differing graviresponses of primary and lateral roots of R. communis is consistent with the observation that the ability of hypocotyls to respond to gravity is positively correlated with the amount of statenchyma present at a given stage of development (4) .
